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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1595

ANATYSTS OF FLICGHT-PERFORMANCE MEASUREMENTS ON A
TWISTED, PIYWOOD~-COVERED HELICOPTER ROTOR
IN VARTOUS FLIGHT CONDITIONS

By F. B. Gustafson and Alfred Gessow
SUMMARY

Flight—performaence measurements were made of a conventlonal singlie—
rotor helicopter equipped with a test rotor having plywood—covered blades
with -8° twist (designated the "aslternste" rotor). Date were obtained
in the hovering, vertlcal autorotetive—descent, level~flight, climb, and
autorotative—glide conditions. The results of these tests are presented
together with a comparison of the resulits with theoretical results and
with results of measurements made on the original production rotor.

Both the hovering end the forward-flight performence of the alter—
nate rotor were found to be within a few percent of the values predicted
by theoretlcal treatments elready published by the Nationel Advisory
Committee for Aeromsutlcs wilthout any Increase in the profile—drag char—
acteristics originally assumed in the theory, provided that blade—
sectlon stalling was not present.

The alternate rotor, as compared with the originel rotor, showed
large Improvements in performance in all flight conditions for which a
comparison was obtained, thet 1s, hovering, level fllght, and autoro—
tatlve glides. These improvements included an increase of more than
300 pounds (or about 15 percent) in hovering thrust at the same power,
a reduction of 20 percent in the minimm velue of rotor—shaft power
required in level flight, and a decrease of 15 percent in the minimum
rate of descent of the helicopter in -autorotation. In gemnsrdl, aboutb
half of the improvemsnt was consldered to be due to lmproved airfoll—
gection contour and surface conditions of the altermate rotor blades
and most of the other half was consldered to bPe due to the differences
in twist and solidity.

Because of the lower solldity of the altermate rotor, tilp stalling
and the increase in vibration due to tip stalling were actually encountered
at a lower forward speed than with the orliginsl rotor. On the basis of
tuft observations and the pllotls comments on the limiting combinations
of forward speed and rotatlonsl speed (as set by excessive vibration and
loss of control resulting from blede stalling), however, i1t is concluded
that, 1f the two rotors had been built with the same solldity, the
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Porward speed for occurrence of blade~tip stalling would have been about
15 miles per hour higher for the alterrate rotor than for the origlnal
rotor. The data obtained did not permit & relisble estimate of the
smount of this 15-mile—per-hour gein which should be ascribed to dif-—
ferences in blade twist or the amount which should be attributed to
differences in alrfoll sectionm.

Vertical autorotation at rates of descent comparable with those
previously obtained with positively twisted autoglro blades was measured
with the negatively twisted test rotor. The measured rate of descent
was approximately 5 percent higher than the value predicted fram the
avallable semiemplrical theory.

INTRODUCTION

In references 1, 2, and 3, flight measurements of the performance
of a conventional, single—rotor hellicopter equipped with 1te production
fabric—covered maln—rotor blades are presented. Analyslis of the results
indicated that agreement with theory (to be dlscussed in the section
entitled "Compesrison of Experiment with Theory™)could be obtained only
by lncreasing the blade—section proflle—drag valuses used in the theory
by about one—thlrd. The need for thils Increase in profile-drag values
was abttributed to the relatively rough, deformable surface of the
original blades, which was expected to result in larger proflle-—drag
power losges than those predicted by theory, inasmich as the theory was
developed to represent the proflile drag of well-bullt practical~
construction sections. TUnpublleghed sectlon data on wind-tunnel test
gpecimens corrsspondling to the originsl blades confirmed the need for
& roughness factor of this megnitude. Inltlial flight tests of a plywood—
covered rotor (designsted the altermate rotor) also suggested that, with
blades having smoother and more rigld contour, rotor dreg-1ift ratlos
that agreed with the theoretical values (with no change in the original
profile—drag assumptions) could be attailned.

It esppeared desirable, therefore, to extend the tests on the
alternate rotor, inasmich as the date so obtained would be more sultable
for comparison with theory than the results of the tests on the original
rotor and 1nssmuch as the magnlitude of lmprovement indicated was suffi-—
cient to be of notable prectical significance. The date were further
expected to provide a good starting polnt for systematlc tests.of the
effect of rotor parameters such as blade twist. The results of the
extended tests of the alternate rotoy which wers conducted 1n comsider—
atlon of the foregoing factors, are presented herein. The flight con—
ditions irncluded hovering, vertilcel autorotative descents, level flight,
climb, and ‘autorotative gllides. These results are correlated with
theory, and the performance galns over the original rotor are evaluated.
The effects of the bullt—in twlst—and the. lower solldlty of the alter—
nate rotor are estimsted tor the comparison of the performance of the
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two rotors in order to indicate the smount of the gains which is due to
improved airfoll characteristics.

SYMBOLS
W gross welght ‘of helicopter, pounds
b number of blades per rotor
R blede radlus, feet
T radiel dlstance to blade element, feet
c blade—sectlion chord at radius r, =fest
ﬁ cr? dr
Ce equivalent blade chord, feet A
F r2 dr
0
o rotor solldity (bcg/R)
&n average main rotor-blade pitch at the 3/4 radius,
' uncorrected for play in linkage or for blade twlst
caused by alr loads, degrees
o] mesgs density of alr, slugs per cublec foot
Po mass denslty of alr at sea level under standerd condl—
tions, 0.002378 slug per cubic foot
Vo calibrated airspeed (indicated alrspeed corrected for
Instrument installatlion errors; cen be consldered
equal to V‘Vp?po herein), miles per hour
v true alrspeed of helicopter along flight peth, miles per
: hour
Va horizontal component of true airspeed of helicopter,
miles per hour
V’v ) vertical component of true alrspeed of helicopter, feet

per minute

Q rotor angular veloclty, radians per second
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V'V'
angle of climb ({tan™L ——

h

rotor angle of attack; angle between projection in plane
of symuetry af axis of no feathering and line perpen—
diculaer to flight path, positive when axis is pointing
rearwerd, redians (The axls of no feathering is defined
as the axlis sbout which there i1s no first harmonic
feathering or cyclic pitch verilation.)

tip—speed ratio (1-9-—((:;—“)

correction to fuselage angle of attack to allow for rotor
downwash, degrees (a.ss‘umed. equal to —57.3CL /4

corrected fuselage angle of attack, degrees

blade—element angle of attack, measured from line of zero
1ift, radiens

blade—element angle of attack at tip of retreating blade
at 270° azimith engle, degrees

section profile—drag coefficient
rotor 1ift, pounds |
rotor drag, pounds

rotor thrust, pounds
rotor—shaft torque, pound—feet

rotor 1lift coefficient; uncorrected for alr loads on
fuselage (w

%pv%&@
rotor 1ift coefficlent [ —L—o
%pveﬁe

rotor drag coefficient 1—2—-—
§pv2ﬂ2
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Crp rotor thrust coefficlent —
Rep (AR )2
CQ rotor—shaft torque coefficlent —_—
R2p(OR)2R
CT3/2
M rotor figure of merit 0.707 ; the factor 0.707 is
included to make the meximum %id.eal) figure of merit
equal to unity
(%) rotor profile drag-1ift ratio
(o]
(%) rotor profile drag—lift ratio as calculated from theory
Ot
(% rotor profile drag—1ift ratio as calculated from measured
Om quantities
-]2) perasite—drag contribution of tall rotor dlvided by main—
L §s) rotor 1ift
(%) pearaslite drag of fuselage, robtor head_ and blede shanks,
Pp divided by main—rotor 1ift
(%) dreg—l1ft ratio representing angle of climb, positive in
c V.
climb (tem= o
( h>
(1%) rotor induced drag-lift ratio
i
(%) rotor drag-lift ratlio; ratlo of equivalent drag of rotor to
T

rotor 1ift ((’%)o ¥ @>i>
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sheft power paremester, where P 1s equal to rotor—shaft
power divided by veloclty along flight path and 1s
therefore also equal to drag force that could be over—
come by the sheft power at £light veloclty

Rl

APPARATUS

The twisted, plywood—covered rotor (designeted the "slternate™ rotor
to distingulsh it from the original—-production rotor) was flown on a
typical helicopter, a general view of which is ghown 1n figure 1. 'he
dimensions and pertinent characteristlics of this helicopter are shown in
figure 2, and a more detalled description can be found in reference 1.
The pl(a.n) forms of the alternate end origipal bledes are shown in figures 3(a)
and 3(b).

The alternate rotor blades had & linear twist of -8° (0.45 deg per f£t;
t1p pltch lower then root pitch) end a reletively low solidity (o = 0.0k2).
The blades were plywood covered and were designed with a reflexed
NACA 23015 eirfoill section; the actusl profile differed materially from
the true section even after all flats and depressions were falred out with
£1ller, When the blades were recelved for the tests, they were not asro—
dynemically smooth, because pitting, grain, flat spots, and other lack of
Tairness were noted at numerous peoints. Also, between the leading—edge
abyasion strlp and the plywood covering there was a U-shaped furrow
approximetely 1/64 to 1/32 inch in both width end depth. Prior to the
initlel tests, filler was applied only to the most pronounced discon—
timuitles; the U~shaped furrow wes not completely eliminated although the
surface was, in genersl, made smooth. ILimited hovering and forward— -
flight teste were run with the blasdes 1n thils conditlon, which 1s hereln—
after designated "before refinishing." After these initial tests,
leading—-edge templets for representative statlons were used to assist in
further refinishing and improvemsent of contour. Although extenslvo
T1lllng end sanding were done 1n & menner to improve the 1t of the
templets and elthough all flat spots were eliminsted, it wes not feaslble
to build up the forward pert of the rotor blade to a true contour as
regards shepe and meximum thickness. The bledes were conslidered to be
serodynemicelly smooth, however, and were wlped clean of greage, bug
spatters, and dust before each flight. Some addltionel hovering data,
most of the forwerd-fllght date, and a1l of the autorotation date were
taken wlth the blades in thils smooth condition.

INSTRUMENTATION AND METHODS

The Instrumentatlion and methods employed in measuring rotor per—
formence have been adeguately descrlbed 1n references 1 and 3 and need
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not be repeated herein. Some speclal devices which were used to insure
zero horizontal alrspeeds in the hovering and vertical—flight conditions
are, however, worthy of mentlon.

Both recorded and visual indications of longitudinal deviations
Prom the vertical were obtalned in the vertlcal—descent tests by using a
standard NACA yaw—vane Iindlicator and recorder; the trensmitter was
mounted on & short boom extending from the left lendling wheel axls. (See
fig. 4.) The ettitude of the fuselage during the descent was allowed for
in settling the zero poslitlion for the NACA yaw vane. Iateral deviatlons
were recorded by a differentlal-pressure yaw head which was mounted
vertically at the end of the alrspeed boom (fig. 5) and which wes con—
nected to an NACA pressure recorder. A wool tuft on the end of the
alrspeed boom provided a visual Indication of the lateral flow direction
es did also the swivelllng asirspeed heads. -

In eddition to the equipment employed 1n vertical descent, forward
motion during hovering was avolded wlth the ald of a pith~ball indlcator
in the cockplt, which wes commected to a double—end pitot head and which
responded to forward and backwerd velocitles of approximastely 2 or 3 miles
per hour. A general view of the cockplt lnstrumentation, which includes
the plth-ball indicator (indicated by an arrow) 1s shown in figure 6.

REDUCTION OF DATA

The methods of reducing the deta obtalned in various flight condl—
tions are elther apparent by definitlion or have been explained in refer—
ences 1 and 3. It 1g well, however, to revlew briefly the mammer in
which the coefficlents that are used 1n presenting the forward—flight
and vertlcal—descent data are calculated.

Rotor drag—-lift ratio (%) was calculated for the forward—flight
r

condition from the general performance equatlon expressed in coefficilent

E-(2) 2 +(2), @)

t
For each date point, values of 2, 2) s D s and E) were
L” \L D, L L/ :
determined from measured date. The quantity %, which represents the
total equivalent hellcopter dreg, was calculated from recorded shaft—
torque values and values of rotor rotational speed,whereas the paresite

drag—11ft ratio of the fuselage (%) was calculated from full-scels
D
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wind-tunnel tests (reference 4) of the fuselage and ailrspeed boom of the
test hellcopter. The paresite—drag coefficlents used are glven in
figure T of reference 1. The tail—rotor paraslte drag—lift ratios,
which are quite smsll, were cbtalned by use of the known fixed tall-—
rotor sheft engle and the measured taill-wrotor shaft horsepower by the

method of reference 1, Values of (%) s which represent the tengent
(o]
of the angle of climb, were determined from the alrspeed end the rate of
climb; in glides, the quemtity (%) 1s negative. The rotor 1ift L
c

was calculated by multlplying the helicopter gross weight by the cosine
of the climb or glide angle and subtrecting the fuselage 1lift. Rotor
thrust was esssumed equel to the rotor 1ift in level flight and equal to
the rotor 1lift dividéd by the cosine of the rotor angle of attack in
climbs and glides, at which the rotor angle of attack becomes relatively
largs.

The measured rotor proflle dreg-lift ratio (%) wa.s obtalned
o

m .
by subtracting an Induced drag—lift ratio (a.ssu:med. equal to %"—) from (%) .
r

The rotor dreg coefficlent in vertical autorotative descent was
obtained from the known gross welght of the helicopter, the measured rate
of descent, and the alr tempereture end pressure by the following formule:

W

° %pvgnRe

Proflle—drag assumptions.— Some gtudles of the signiflcance of (
blade—surface conditlion In relation to the performance of a rotor are
glven in references 2 and 3. 'These references also show that accurats
- gectlon characteristlics of practical-construction sections of the rotor
are required for preclse comparisons between theoretical and measured
rotor performence. The theory described in references 5 and 6, which
1s used for most of the comperisons presented hereln, 1is based on a
profile—dreg polar which 1s representatlive of well-dbullt—plywood—covered
blades and which has & minimum profile—drag coefficilent of 0.008k.
Section dete are lacking for the altermate rotor but an expserimentel
check of the minimm drag coefficlent was obtalined by running the rotor
at a gerles of pltch settlngs near zero degrees wlth the helicopter om
the ground. The results ylelded & minimum profile-~drag torque coeffi—
clent equal to 0.000038, which was computed as the difference between -
the measured torque coefflclent end the small calculated induced wvalue.
The equlvalent minimm proflle—drag coefficient was then calculated
as 0.008. Agreement between the theoretical drag polar (1nvolving -
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three terms) assumed in the Porward—flight analysis and the actual drag
polar thus appears to exist In the low-angle—of-attack reglon, and it is
reasoneble to assume that the agreement will be falr up to the actual
stalling angle of attack lnasmuch as the theoreticel drag polar was based
on measured characterlstics of similsr sectlons. The stalling angle of
attack 1s likely to be materially less than that shown by wind—tunnel
tests of polished, accurately-built NACA 230-serles alrfoll test specimens.

Hovering.— Theoretlcal hovering performance was computed with the
ald of figure 15 of reference T and has already been presented and dis—
cussed in reference 2. Thils particular theoretical treatment (given in
reference 7) was selected because of 1ts general avellebility. Although
somes emplrical adjustment ls involved, this treatment sssentially
represents the commonly used vortex theory with nomuniform inflow and
with a proflle—drag polar, which for the present tests results in an
equivelent drag coefficlent of about 0.014, The use of the relatively
high profile—drag coefficlent of 0.0l may be considered to teke the
place of the incluslon of tip losses and rotatlonal losses, which are
not otherwise included. .

Forward flight.— Theoretical performance for level—flight, climb,
end glide conditlons was computed from reference 6 for the test rotor
and included the effect of the —8° twlst present but otherwise used the
sams assumptlions and methods described in reference 5 for untwisted blade
The charts of reference 5 were used in computing the theoretical per—
formence of the originsl rotor with untwisted blades.

Vertical power—off descent.— The theory used for calculstlng rates
of descent in the vertical power—off flight condltlon 1s semlempirical,
being based on the theoretical rotor equations of reference 6 (which
utilize the same profile—drag polar on which the forwerd-flight per—
formence charts ere based) and the experimental curves first presented
in reference 8. The data of reference 8 were applied in the msnner
described in reference 9, The experimentel curves glve the relation
between the total flow through the dlgk of a rotor in vertlcal descent
and the velocity of descent. In the absence of similar experimental
curves for twlsted blades, the theory for straight blades was applied
to the test rotor the blades of which have —8° twist.

RESULTS AND DISCUSSION
Comparison of Experiment with Thsory

Hoverlng.— Hovering data obtalned at altlitude with the altermate
rotor are tabuleted 1n table I and are campared with.theory and with
data obtalned before the blades were refinished in figure 7. The data
obtalned before refinishing were flrst reported in reference 2.
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Figure T shows thet the present data extend the earlier date to
higher thrust coefficlents and that no difference due to refinishing is
diecernable. The improvement in contour brought-about by the reflnishing
process presumably was not sufficlent to Increase materlally the extent
of the laminar flow. The flgure also shows thalt the altermate rotor
produced 83 percent of the thrust that could be obtained with an "ideal"
rotor (that 1s, & rotor producing uniform inflow and heving zero profile
dreg). The agreement of the measured performsnce with calculated per—
formance ls indlcated to be withln a few percent.

Level flight.— Testdata for level—flight, climb, and autorotative—
glide condltions are presented in teble II, and values of msin-rotor
drag—1ift ratios and other paremeters derived from these data are glven
in table ITII. The results of the level-flight performance of the
elternate rotor ere summarized in figure 8, which shows the main—rotor
dreg—lift ratlos both before and after refinishing plotted agalnst the
tip—gpeed ratio p. The measured data are grouped according to thrust -
coefficlents, and because losses due to sbtalling were antlicipated, all
pointe having a celculated angle of attack at the tilp of the retreating
blade greater than 12° are indicated by flagged points. Although no
blade—section stall-engle datae were avallable for the test rotor, tuft
observetions on the rotor and also an enalysis of rotor profile—drag—
loss date as a function of tip angle (reference 10) resulted in the
cholice of 12° as the stalling angle. The measured rotor performance is
compared in flgure 8 with a single theoretical curve representative of
the averege thrust coefficient alt which the data were teken. The figure
shows agreement withln a few percent between the theory amnd the
unstalled polnts. The dlscrepancy between the thsory, which intentionally
omits any sllowance for stalling, and the datas for the stalled conditions
becomes greater as the stelling increases at the higher tip—speed ralios
and thrust coefficlents.

Ag was true for the hovering measurements, no difference 1g
discernable (within the scatter shown) between the comparison with theory
obtained before refinishing and that obtained after refinishing. (See
figs. 8(a) and 8(b).) The date obtained after refinishing are more
extensive and show less scatter in the unstaelled conditlons. From con—
slderations of the improved technique used in obitalning these data
they are further consldered to be more reliable, particulerly as regards
the magnitude of the losses due to staelling. TFor these reasons, the
data obtained before refinishing are omitted in the more exacting
anslysis that follows.

The date obtalned after refinlshing have previocusly been analyzed
in reference 10 by plobtting the ratlio of measured values of drag-lift

retios (%) to theoreticel values (]%) ageinst calculated tip angle,
o] o

m .
in order to separate more clearly the effects of stalling from the effects



NACA TN No. 1595 11

of thrust coefficient and tlp—speed ratio anticipated without stelling.
This plot is reproduced in flgure 9 and indicetes excellent agreement
with theory below the stalling angle. The alrfoil poler assumed in the
performance cherts appears to predlct correctly the proflile drag
characteristics of the actual airfoll up Yo the stall under the dynamic
conditions encountered 1n rotor operstion.

Figure 9 also indlcates that the theory (with no allowance for
stalling) underestimstes the rotor profile—drag losses for conditions
resulting in calculeted tlp engles of attack above the stall, the
discrepancy increasing in epproximastely a linear mammer with the tip
angle. A value of 2 1s ghown for the ratlo of measured to theoretical
proflle drsg-lift ratlio when the tip angle is approximately 4° ebove the
tip—section stalling value. The resultes for a celculated tip angls 3°
above the angle at which stalling flrst occurred ere significant in that
this angle corresponds to the polnt at which, in the opinion of the pilot,
excesslve vibratlon and control difficulties constitute e 1limit of
operation.

Climbg.~ The measured climb data and derlved parameters are
presented in tsbles II and IIT. Because of the limited amount of data
obtained 1In this condltion and the dlfferent thrust coefficients at
which they were acqulred, 1t was not feaslble to present the results in
the form of a rate of climb ggainst S oclty plot or its equivalent.
Instead, the ratlo of experimental ( J) to thet celculeted from theory

was ccmputed and values of the ratio giv_en in figure 9, in which the
agreement between theory and experiment as a function of calculated tip

angle of attack is shown.

Flgure 9 indicates that, within the experimental scatter, the
concluslons to be drawn from the climb dats are the same as those for
the level=fllight runs. TFalr sgreement l1s shown between theory and the
data teken in the unstalled condition; the theory (wlth no allowance for
stalling) increasingly underesiimates the power expended in profile drag
asg the tlp angle exceeds the blade—section stallling angle.

Autorotative glides.— The measured and celculated performances of
the altermate rotor in the autorotative—glide condition, in addition to
being listed in tables IT and IIT, are shown in figure 10 in terms of
the rotor drag—lift ratlo and the tip—speed retio. The data are
groupsd according to thrust coefficients, and again a single theoretical
curve ls drawn representlng the average thrust coefficient at which the
date were teken (0.0049). It can be seen that the theory correctly
predicts the performence of the twlsted helilcopter rotor in autorotation,
because the calculated performance serves as a good falring for the
measured data.

Rotor drag coefficlents obtained in vertical autorotative descent
are compared in figure 11 with the semiemplrical theory representing
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blades having solidites of 0.10 and 0.04. The vertical scale represents
the rotor drag coefficient, which 1s a measure of the efficlency of the
rotor In vertical descent; In that higher wvalues of the coefficients
correspond to lower rates of descent. Blade pltch angles are plotted.
horizontelly. The measured coefficlents obtalned with the alternate rotar
show an average devliation from the predilcted values of approximstely

10 percent or 5 percent in the rate of descent. The vertlical scatter
shown by the test polnts does not =2llow any conclusions to be drawn
about the rate of change of Cp with 6,. Although the gross agreement
1s falr, a greater amount of experlimentel date ls desirable befors mors
precise conclusions can be drawn as to the accuracy of the predicted
performance Iin this condition.

From the data given 1n flgure 11, & vertical rate of descent of
about 2400 feet per minute at see level was calculated for the test
hslicopter equipped with the altermate rotor at a gross welght of
2650 pounds. Figure 1l also includes for comparison a value repre—
genting vertical-descent data obtalned on the Pltcairn PCA—L2 sutogiro
and flrst reported in reference 11, The figure shows that the measured
coefficients for the hellcopter equipped with the altesrnate rotor and
for the PCA—L autogiro differ by less than the experimentael error. The
agreement ls significant 1n thet-1t indicates that vertlcal autorotation
at rates of descent compareble with those obtalned wilith positlively
twisted sutoglro bledes is possible with negatively twisted blades.

Comparison of Originel— and Alttermate—Rotor Performance

Hovering.— A comparison of the hovering performance of the original
rotor, obtained from reference 2, wlth that of the alternate rotor 1s
presented in figure 12(a). The comparison afforded by the figure, when
interpreted in terms of 1lifting ability, Indicates that at normal teke—
off rotor speed and full throttle (2250 rpm, CQ? 3 = 0.0043) the alternate

rotor could produce about 330 pounds more thrust—than the orlginal rotor.
A detalled discusslon of the source of thle difference is contalned in
reference 2, which attrlibutes almost one—half of the difference to the
lower drag of-the smoother and more rigld surfaces of the alternate
rotor. Most of the other half of the difference was ascribed to the
higher blade loadlings obtalned with the lower solldity of the alternate
rotor.

Figure 12(b) shows the same results plotted as rotor figure of merlt
against CT/c. The maximum figure of merit reached 1n the tests is ssen

%o be 0.66 for the original rotor and 0.76 for the alternate rotor.
Although plotting againat C /a provides a comperison at squal mean 1ift
coefficients, it does not al%ogether eliminate the primery and readily
predictable effecta of solidity. The reason for this conclusion 1s that-
the lower-eolildity rotor must operate at a higher tip apesd to provide
the sams thrust at the seme velue of CT/G. This increased tip spesd acts
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to increase the proflle—drag power losses. By use of the treatment of
reference T, the value of figure of merit of 0.T76 obtained for the
alternate rotor would appear to be iIncreased to sbout 0.79 iIf its
golldity were lncreesed to that of the original rotor.

Level flight.— A comparison of the performance of the original and
alternate rotors in the level—flight conditlon is presented in non—
dimensionel form in figure 13(a). The performance of each of the rotors
i1s shown at an average Cgp = 0.0046 and was obtained by fairing the
measured data having approximately the seme Cp. The measured data for
the original rotor were teken from reference 1. Conditions involving
gtalling on the outer part of the retreating blades are indicated by
deshed lines in the figure. The performance of both rotors 1ls shown in
the familier form of shaft power plotted agelnst speed in flgure 13(b).
The curves were obtained from faired curves of P plotted against

L and represent see—~level performance at an average gross -welght of
2565 pounds.

Figure 13(b) shows that the alternate rotor required 80 horsepower
at a speed of 4O miles per hour, which is the speed for minimm power.
Thisg power velue represents a 20-horsepower (or 20-percent) saving from
the power required by the originel rotor at the sams speed. Theoretical
conslderations Indicate that a saving of approximately 5 to 10 horsepowsr
may be attributed to the blede twist and the lower solidity of the
elternate rotor, whereas 1ts smoother and more rligild surface 1ls con—
gldered to account for most of the remsining 15 to 10 horsepower. In
the high—speed condltion, the difference in power requlred by the two
rotors 1is reduced to approximately 10 horsepower. The smaller power
difference at high speed is attributed to earlier blade stallling on the
alternate rotor, as indicated by the dashed lines.

Level—flight stalling limitations.— The earller blade stalling
Just mentloned may seem paradoxical at first glance slnce the difference
in both twist and alrfoll section would be expected to delay the stalling
for the altermate rotor. The lower solldity, however, by increasing the
mean blade—section angle of attack, tends to produce earlier stalling.
In order to separate these effects as far as possible end to give the
results greater generelity, the comparison was studied by use of the
caelculated angle of attack of the retreating tip as a stalling criterion.
The tlp—engle—of—attack computatlions of reference 5 Ffor untwlsted blades
together with corresponding computations (based on reference 6) for
twisted blades were used for this purpose. Both tuft observations (refer—
ence 10) and the pilot's commemts on limiting conditions of operation
(as set by excessive vibration and loss of control) showed that the
same tip—-engle—of-attack criterions were applicable for the alternate
rotor as were reported for the original rotor in refsrence 12, that is,
12° for initiel stalling end 16° for the limiting conditions.

Tnasmuch as the theory used credits the —8° twlst with reducing the
tip angle of attack at any glven combination of p and CT/G by about
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2%-, more extreme combinations of u and CT/G are actually possible
without stell for the twlsted rotor 1f the seme tip—engle—of-attack
criterion is found to epply to both the twisted and untwisted rotors.

If the solidity of the alternate (twlsted) rotor is assumed to be raised
to equal that of the original rotor (o = 0.06), then, in order to get

the seme celculated tip angle of ettack at the sams CT/U, g must be

increased by sbout 0.05. This increase In p corresponds to an increass
in speed of about~15 mlles per hour.

Examination of the problem thus indicates that 1f the two rotors
had been bullt with the sams solidity +the effects of stalling would
have occurred at a speed about 15 miles per hour higher for the altermate
rotor then for the original rotor instead of occurring earlier as was
actually the case.

The theory used assumes the inflow veloclty to be uniform over the
rotor disk both with and without twist, and hence the velocity is unchanged
by twilst; whereass soms appreclable readjustment must—he expected to take
place at the relatlvely low speeds covered in the present Tests. Further,
the use of the tip angle as an index does not allow for the difference in
ghape of the stalled regions, which might become a significant factor by
the time the operating limitatlon 1s reached. A part of the 15-mile—per—
hour geln Just discussed, therefore, may quite possibly have been due to
a higher sectlon stalling angle 1n spite of the ldenticel values of
calculated tip angle. The data obtalned are not adequate for analysis
of this point. )

Autorotatlve glides.— Because of the limited amount of autorotatlion
data obtalned with each rotor, 1t was not feaslble toc compare the
performance of each by fairlng the measured deta. It has been shown 1n
reference 3 for the originsl rotor and herein for the alternate rotor
that theory adequately predicts the behavior of each rotor in auto—
rotative glides. The theoretical performencesof the original and alter—
nate rotors are therefore compared in figure 14 at an average value of

= 0.0049, The performance of the original rotor was computed (refer—
ence 3) with a 28-percent incrsase in the section-profile drag—lift
ratlos to allow for the poor surface condition of the original rotor.

At the tip-epeed ratio for the minimum rate of descent figure 1k
ghows a difference equal to 0.045 in drag—l1ift ratio between the two
rotors. This difference corresponds to 160 feet psr minute or approxi—
mately a 1l5~percent decrease from the 1080 feet per minute measured with
the original rotor, when the helicopter was gliding at approximstely
40 miles per hour at standard sea—level conditions and at a gross welght
of 2565 pounds. Theory (references 5 and 6) indicates that approximstely
one-half the decrease in rate of-descent 1is due to the bemeficlal effects
of the twlst and solidity of the alternate rotor (the lower solidity
resulte in Improved efficiency in this case when opereating at fixed rotor
<ip speed) and that most &f the remaining gains are due to improved
Jurface condition.
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CONCLUSTIONS

Flight—performance measurements were made with the test helicopter
equipped with a twisted, plywood—covered rotor (designated the "altermate"
rotor). A comparison of the results of these tests wlth theoretical
results already published by the National Advisory Commlttee for Aero—
nautlics and with resulte of measurements masde wlth an untwlsted fabric—
covered rotor (designated the "original" rotor) indicates the followlng
conclusions: .

1. Both the hovering and the forwerd-flight performances of the
alternate rotor were wlthin a few percent of the values predicted by
exlsting theory without any increase in the profile—~drag characteristics
originally assumed in the theory, provided that blade—section stalling -
was not present.

2., The alternate rotor, as compared with the original rotor, showed
large lmprovements in performance In all flight conditions for which a
comparison was obtalned, that is, hovering, level flight, and autorotative
glides. These improvements included an lncrease of more than 300 pounds
(or sbout 15 percent) in hovering thrust at the same power, a reduction
of 20 percent in the minimm value of rotor—shaeft power required in
level flight, end a decrease of 15 percent in the minimum rate of descent
of the helicopter in autorotetion. In general, about half of the
improvement was consldered to be due to improved alrfoll-—sectlion con—
tour and surface condition of the altermate rotor blades and most of
the other half was consldered to be due to the differences -in twist and
solidity.

3. Because of the lower sollidity of the altermete rotor, tip stalling
and the increase in vibration due to tlp stalling were actually encountered
at a lower forward speed than with the original rotor. On the basis of
tuft obgervations asnd the pilot's comments on the limiting combinatlons
of forward speed and rotational speed (as set by excessive vibration and
loss of control resulting from blede stalling), however, 1t is concluded
thet if the two rotors had been bullt with the same solidility the forward
speed for occurrence of blade—tlp stalling would have been sbout 15 miles
per hour hlgher for the alternete rotor than for the originsl rotor.

The dats obtalned dild not permit a reliable estimate as to the amount of
this 15-mile—per—hour galn which should be ascribed to differsnces in
blade twist or the amount which should be ettributed to differences in
alrfoll section.

L, Vertical autorotation at rates of descent comparsble with those
previously obtalned wilth positively twlsted autoglro blades was measured
with negatively twlsted blades. The measured rate of descent obtained,



16 ) . NACA TN No. 1595

wlth the negatively twisted test rotor was spproximately 5 percent hilgher
than the wvalue predicted from the available semlempirical theory.

Langley Memorial Aeronautical Leboratory
Natlonal Advisory Commlttee for Aeronsutlcs
Lengley Fleld, Va. December 19, 1947
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Figure 1.-

General view of test helicopter equipped with the

original-production rotor,

21






Main rotor:

Radluﬂ',ft-..........-..- 19 E
Disk area, 8q £t . ® o o 0o 8 s o o s o 11341 g
Ratio of rotational speed to engine Eé
Bpeedoonnoon--.--an.. 0.107
. 5
Tell rotor: .
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Diek area, 8 £t 4 o« & o o 4 o o & 49,2 t%
Ratlo of rotationsl speed to englne
speed L ] . L] L] L] L] - L) L] L] . L] . - [ ] 0.567
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. o
Figure 2.- Dimensions and characteristics of test helicopter. (All dimensions are w

in inches.)
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Figure 3.- General views illustrating surface condition and sketches giving plan-form
dimensions of original and aliernate main-rotor blades.
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(b) Dimensional views, (All dimensions are in inches,)

Figure 3.~ Concluded.







Yaw vane and transmitter used to indicate and record deviations from zero
longitudinal airspeed in vertical descent.
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Figure 5.- Detail of ajrspeed head, showing vertical yaw fork used to record deviation
from zero lateral airspeed in vertical descent.
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Figure 6.~ General view of cockpit indicating instruments. (Arrow shows pith-ball indicator.)
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Figure 7.- Comparison of experimental hovering performance of alternate rotor with theory.

004 .05 006 007 .00

Cal

G6CT "ON NI VOVN

Gt



36 NACA TN No. 1595

Cr
o 0.0042
o .p0046
4 o 0050
a 0054

0 .04 - .08 12 /6 .20 24 28
Zip-speed ratro, 4

(2) Before retfinishing.

p<O OO
3
Gy
o

o @ o« 08 12 /6 20 24 28
Tip-speed rario, L
(b) After refinishing.

Figure 8.- Comparison of level-flight performance of alternate rotor with theory. (Flagged
points represent conditions for which the calculated tip angle of attack of the retreating
blade is greater than 12°,)
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Figure 9.~ A Effect of blade stalling on the comparison between measured and calculated
performance in level flight and in climb for the alternate rotor.

CACT "ON BL VovH



4 0 0.0046
¢ 0050
&_ 0054
3
> [~ Theory (av Cr=00049)
(/) L A
L ~ a
r »
\H\\
!
0 l ' J
0 .04 .08 Mz 16 20 24 L8

Ttp-speed ratio, U

Figure 10.- Comparison of experimental autorotative-glide performance of alternate rotor
with theory.
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Figure 12.- Comparison of hovering performance of origumj.-production rotor and the
. alternate test rotor.
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Figure 13.- Comparison of level-flight performance of test helicopter with the original—
production rotor and with the alternate rotor. Average Co = 0.0046,
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Figure 14.- Comparison of the autorotative-glide performance of the original~production rotor
and the alternate test rotor. Average Cop = 0.0049,

ah

G6CT *ON NI VOVH




